Muscarinic M2, M4, and M2-M4 chimera receptors were transiently expressed in HEK-293 tsA201 cells, and agonist-dependent internalization of these receptors and recycling of internalized receptors were examined by measuring the amount of cell-surface receptors as [ 
The agonist-dependent internalization of M2/M4-i3/M2 chimera receptors (M2 receptors with the i3 loop replaced by that of M4 receptors) was greatly reduced by co-expression of DN-dynamin as was the case for M4 receptors, whereas the agonist-dependent internalization of M4/M2-i3/M4 chimera receptors was hardly affected by co-expression of DN-dynamin as was the case for M2 receptors. Internalized M2/M4-i3/M2 receptors as well as internalized M4 receptors were shown to be recycled back to the cell surface after removal of agonists, whereas no recycling was observed for M4/M2-i3/M4 receptors as well as M2 receptors. These results indicate that the i3 loops of M2 and M4 receptors take a major role in their agonist-dependent internalization and recycling.
Muscarinic acetylcholine receptors consist of five members (M1-M5 receptors), all of which bind with acetylcholine and then activate G proteins: M1, M3 and M5 receptors activate G q family of G proteins, and M2 and M4 receptors activate G i family of G proteins (1, 9) . All five members have a long third intracellular (i3) loop with 160-240 amino acid residues, in contrast with most of G protein-coupled receptors (GPCRs). The present paper is concerned with the function of i3 loops of M2 and M4 receptors. Desensitization of muscarinic receptors as well as that of other GPCRs is caused by prolonged exposure of receptors to agonists and results in attenuation of cellular responses. One molecular mechanism of desensitization involves agonist-dependent internalization of receptors, by which they become inaccessible to hydrophilic, membrane-impermeable ligands including agonists. Extensive studies on internalization of GPCRs, particularly on β 2 -adrenergic receptors, have indicated that the internalization involves the following processes: (A) agonist-dependent phosphorylation of receptors by G proteincoupled receptor kinases (GRKs), (B) binding of cytosolic proteins termed as arrestin to phosphorylated receptors, (C) binding of clathrin and other proteins to arrestin-bound receptors, and (D) pinching off of clathrin-coated vesicles including arrestinbound receptors from plasma membranes by action of a protein termed as dynamin with GTPase activity (see a review, 2). By using mutants with a deletion in the i3 loop, several reports have indicated that the i3 loops are involved in internalization of M1 (14, 16) , M2 (17, 26) , M3 (17) , and M4 (7, 30) receptors. Agonist-nalization. In fact, transmembrane segments 6 and 7 are shown to be involved in the subtype-specific internalization of M2 receptors by studies using M2 and M1 chimera receptors (4, 24) . In the present study, we examined the agonist-dependent internalization and recycling of M2-M4 chimera receptors with replacement of the i3 loop, and have shown that the i3 loop has a major role in determining subtype-specific internalization and recycling of M2 and M4 receptors. 
MATERALS AND METHODS

Materials
Construction of mammalian expression vectors.
DNA fragments encoding N-terminal, i3 loop, and C-terminal sequences of the human M2 and M4 receptors were amplified by PCR, in which NruI sites were introduced into the 3' and 5'-terminal regions of DNAs encoding N-terminal and i3 loop sequences and MluI sites into 3' and 5'-terminal regions of DNAs encoding i3 loop and C-terminal sequences, respectively. The PCR products of the C-terminal sequences of M2 and M4 receptors were digested with XbaI/NotI and then cloned into plasmid vector pBluescript II (pBlue-M2C and pBlue-M4C). The PCR products of N-terminal sequences of M2 and M4 receptors were digested with BamHI/XbaI and EcoRI/XbaI, and then cloned into plasmid vector pBlue-M2C and pBlue-M4C, respectively (pBlue-M2N/M2C and pBlue-M4N/M4C). The PCR products of i3 loop sequences of M4 and M2 receptors were digested with NruI/MluI and then cloned into plasmid vector pBlue-M2N/M2C and pBlue-M4N/ M4C, respectively (pBlue-M2/M4-i3/M2, pBlue-M4/ M2-i3/M2). The resulting plasmids were excised and ligated into the BamHI/XbaI and EcoRI/XbaI sites of pEF-BOS, respectively. The amino acid sedependent internalization of M2 receptors is facilitated by co-expression of G protein-coupled receptor kinase 2 (GRK2), and attenuated by co-expression of dominant negative form of GRK2 (DN-GRK2, GRK2 K220W) (25, 27) . Co-expression of GRK2 or other GRKs facilitates internalization of M2, M3 and M4 receptors expressed in COS-7 cells (28) and of endogenous M4 receptors in NG108 neuroblastoma cells (8) . GRK2 is synergistically activated by agonist-bound M2 receptors and G protein βγ subunits (12) , and phosphorylates M2 receptors in the central part of i3 loop (18) . Two sites in the i3 loop of M2 receptors are indicated to be phosphorylated by GRK2 and to be involved in the internalization of M2 receptors (19) . The i3 loops of M1 (6) and M3 (36) receptors are also shown to include phosphorylation sites by GRK2. M2 and M4 receptors have essentially the same properties regarding not only activation of G i family of G proteins but also GRK2-enhanced internalization. Internalization of M2 and M4 receptors, however, appears to proceed through different mechanisms. Agonist-dependent internalization of M4 receptors as well as that of M1 and M3 receptors is affected by dominant-negative form of β-arrestin-1 (DN-β-arrestin-1, β-arrestin-1 V53D) and DN-dynamin (dynamin K44A) (32) , and is thought to take the pathway involving (A) agonist-dependent phosphorylation of receptors by GRK2, (B) binding of β-arrestin-1, 2 to phosphorylated receptors, and (C) dynamin-regulated budding of clathrin-coated vesicles which include receptors to be internalized (see a review, 29). The pathway for agonist-dependent internalization of M2 receptors, however, is not well defined: (A) internalization of M2 receptors is not affected by DN-β-arrestin-1 (32) although it may be facilitated by overexpression of β-arrestin (20) , (B) internalization of M2 receptors is not affected by DN-dynamin (dynamin K44A) (20, 31) but affected by other kinds of DN-dynamin (dynamin N272 or K535M) (33) , (C) caveolae may be involved in internalization of M2 receptors under some conditions (3) but not under the other conditions (22) . Furthermore, internalized M4 receptors recycle back to the cell surface after agonist removal but recycling was hardly observed for internalized M2 receptors (13) . Recently, internalization of M2 and M4 receptors was shown to involve distinct kinds of small G-proteins (21) . It will be reasonable to assume that the difference in the i3 loops of M2 and M4 receptors should explain the different characteristics in their internalization. It is possible, however, that the other domains are also involved in subtype-specific inter- Figure 1 shows the effect of concentrations of CCh on internalization of M2, M4, or chimeric M2-M4 receptors, which was measured as decline in [ 3 H]NMS binding activity of cell surface receptors. Internalization of either M2 or M4 receptors was facilitated by co-expression of GRK2. Effective concentrations of CCh on internalization of M2 receptors markedly decreased in the presence of GRK2: the EC 50 values for CCh were estimated to be 0.15 and 5 μM for cells with and without GRK2 respectively (Fig. 1A) . The EC 50 values for CCh on internalization of M4 receptors also decreased in the presence of GRK2 from 10 to 1 μM (Fig. 1B) . These results confirm the previous results that co-expression of GRK2 facilitates the internalization of M2 and M4 receptors expressed in COS-7 cells (28) and of endogenous M4 receptors in NG108 cells (8) . Similar effects of GRK2 were observed for internalization of M2/M4-i3/M2 and M4/M2-i3/M4 chimera receptors. The EC 50 values for CCh on internalization of M2/M4-i3/M2 receptors were estimated to be 2.5 and 20 μM in the presence and absence of GRK2, respectively, which are similar to those for CCh on internalization of M4 receptors (Fig. 1D) , whereas EC 50 values for CCh on internalization of M4/M2-i3/M4 receptors were estimated to be 0.15 and 2 μM in the presence and absence of GRK2, respectively, which are similar to those for CCh on internalization of M2 receptors (Fig. 1C) . Effects of DN-GRK2 were different between M2 and M4 receptors. The proportions of internalized M2 and M4 receptors in the presence of GRK2 were 86.3% and 70.2%, respectively. On the other hand, co-expression of DN-GRK2 decreased the proportion of internalized M4 receptors (20.4%) but not that of internalized M2 receptors (83.8%) (Fig. 1,  A and B) . The decrease in the proportion of internalized receptors by co-expression of DN-GRK2 was observed on M2/M4-i3/M2 receptors (the proportions of internalized receptors in the presence of GRK2 and DN-GRK2 were 78.8% and 51.9%, respectively, Fig. 1D ) but not on M4/M2-i3/M4 receptors (the proportions of internalized receptors in the presence of GRK2 and DN-GRK2 were 46.5% and 55.6%, respectively, Fig. 1C , respectively. The pEF-BOS vectors encoding GRK2, DN-GRK2, dynamin, or DN-dynamin were constructed as described previously (11) .
RESULTS
Effects of GRK2 or DN-GRK2 on agonist-dependent internalization of M2, M4, or chimeric M2-M4 receptors
Cell culture and transient transfection. HEK-293 tsA201 cells were cultured in Dulbecco's modified Eagle's medium/F-12 (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen), 100 μg/ mL penicillin, and 100 U/mL streptomycin (Invitrogen) at 37°C in a 5% CO 2 environment. Transfection was carried out using cells grown to 60-70% confluency in a 100-mm dish using LipofectAmine 2000 (Invitrogen) essentially according to the manufacturer's instructions. Twenty-four hours after transfection, the cells were plated (1 × 10 5 cells/well) onto 24-well culture dishes coated with poly-L-lysine (BD Biosciences, Franklin Lakes, NJ).
Assay of agonist-dependent internalization and recycling.
Internalization and recycling of receptors were estimated as the decrease and increase, respectively, of binding sites for the membrane-impermeable muscarinic ligand, [ internalization of M4/M2-i3/M4 chimera receptors was not affected by co-expression of either dynamin or DN-dynamin (Fig. 2B ). This result indicates that the M4-i3 loop is necessary and is not replaced by the M2-i3 loop for the agonist-and dynamin-dependent internalization of M4 receptors and that the part of M4 receptors other than the i3 loop is not necessary or may be replaced by the corresponding part of M2 receptors.
Recycling of M2, M4, or chimeric M2-M4 receptors
M2 or M4 receptors expressed with GRK2 were subjected to agonist-induced internalization by exposure to 100 μM CCh. The time course of M2 receptor internalization was simulated by an exponential curve with t 1/2 of 36 min and 54% of maximal interloops but not in the other parts of M2 and M4 receptors.
Effects of dynamin or DN-dynamin on agonist-dependent internalization of M2, M4, or chimeric M2-M4 receptors
Internalization of M4 receptors was greatly reduced by co-expression of DN-dynamin but that of M2 receptors was hardly affected under the same conditions (data not shown), as was reported previously (15, 31) . Figure 2 shows the effect of CCh concentrations on the agonist-dependent internalization of chimeric M2-M4 receptors in the presence of dynamin or DN-dynamin. The internalization of M2/M4-i3/M2 chimera receptors was greatly reduced by coexpression of DN-dynamin ( Fig. 2A) , whereas the (Fig. 3A) , whereas that of M4 receptor internalization by an exponential curve with t 1/2 of 9 min and 70% of maximal internalization (Fig. 3B ). M2 and M4 receptors were internalized by approximately 40% and 70% after incubation with CCh for 60 min, and approximately 60% of internalized M4 receptors recycled back to the cell surface after agonist removal (Fig. 3B) , whereas internalized M2 receptors did not recycle back to the cell surface under essentially the same conditions (Fig. 3A) , in consistent with the previous report (13) . The time course of M4/M2-i3/M4 internalization was described by an exponential curve with t 1/2 of 34 min and 42% of maximal internalization (Fig. 3C) , whereas the time course of M2/M4-i3/M2 receptors with an equation of t 1/2 of 7 min and 72% of maximal internalization (Fig. 3D) . Thus the time course of internalization is very similar between M2 and M4/M2-i3/M4 receptors and between M4 and M2/ M4-i3/M2 receptors. Approximately 60% of internalized M2/M4-i3/M2 receptors recycled back to the cell surface after agonist removal as was the case for M4 receptors (Fig. 3D) , whereas internalized M4/M2-i3/M4 receptors did not recycle back to the cell surface under essentially the same conditions as was the case for M2 receptors (Fig. 3C) . These results indicate that the M4-i3 is necessary but the other part of M4 receptors is not necessary or could be replaced by the corresponding part of M2 receptors for the purpose of recycling of internalized M4 receptors.
DISCUSSION
Muscarinic acetylcholine receptors possess a long i3 loop with more than 150 amino acid residues. The most parts of these i3 loops except regions adjacent to transmembrane segments have no homology among M1-M5 receptors. The functional role of these long i3 loops has not been fully elucidated, except that the membrane-proximal regions are known to be required for the interaction with G proteins (34) . Several reports indicated that the central part of the i3 loop in M1 (16, 23) , M2 (12) , and M3 (17) receptors could be removed without affecting activation of G proteins. On the other hand, the central parts of i3 loops are reported to be phosphorylation sites by GRK2 for M1 (6), M2 (18) and M3 to speculate, though it has not been proven, that the i3 loop of M4 receptors may also interact with G protein βγ subunits and that agonist-bound M4 receptors and G protein βγ subunits activate GRK2 leading to the phosphorylation and internalization of M4 receptors. The present results have indicated that the i3 loop of M4 receptors could be inserted into M2 receptors without losing its activity in receptor internalization and recycling. The M2-i3 loop has been shown to exist as a flexible coil without taking a rigid structure (10) . It is likely that the M4-i3 also exists as a flexible coil. This means that the i3 loops could not take a specific conformation which may recognize a part(s) of other proteins, but a part(s) of the i3 loops would be recognized by the other proteins with a rigid structure. It is expected, therefore, that a part of i3 loops instead of its full length might be inserted to be recognized by other proteins and to function as a switch for internalization and recycling. In fact, a portion of the M4-i3 loop with a length of 21 amino acid residues was shown to be inserted in M2 (36) receptors, and to be involved in the internalization of M1 (14) , M2 (27) , M3 (17) , and M4 (30) receptors. The present results demonstrated that the effects of GRK2, DN-GRK2, dynamin, and DN-dynamin on internalization of M2, M4, and M2-M4 chimera receptors are determined by the species of i3 loops, and that the rate of internalization and the presence or absence of recycling are also determined by the species of i3 loops. Consistent with previous works (8, 28) , the co-expression of GRK2 facilitated the internalization of M2 and M4 receptors in the present study. The lower EC 50 values for CCh on internalization of M2 and M4/M2-i3/M4 receptors than on internalization of M4 and M2/M4-i3/M2 receptors may represent a higher potency of CCh on activation of GRK2 by receptors with the M2-i3 loop than by receptors with the M4-i3 loop. In this context, it should be noted that GRK2 is synergistically activated by agonist-bound M2 receptors and G protein βγ subunits (5), and G protein βγ subunits bind with M2 receptors in the i3 loop (35) . It is tempting receptors with deletion in most of the i3 loop and to function for their internalization and recycling (7) . This paper provides evidence that the subtypespecific internalization and recycling of M2 and M4 receptors are governed by the specific functions of i3 loops of M2 and M4 receptors, whereas the role of the other parts of M2 and M4 receptors is limited to non-specific contribution. Besides muscarinic acetylcholine receptors, other receptors such as α 2A-2C adrenergic, dopaminergic D 2-4 , and serotonergic 5HT 1A receptors possess a long i3 loop with more than 150 residues. It is interesting to know if they are also involved in receptor-specific internalization and recycling of these receptors.
